A versatile synthetic protocol is reported that allows high concentrations of functionally active membrane proteins to be incorporated in mesostructured silica materials. Judicious selections of solvent, surfactant, silica precursor species, and synthesis conditions enable membrane proteins to be stabilized in solution and during subsequent coassembly into silica−surfactant composites with nano-and mesoscale order. This was demonstrated by using a combination of nonionic (n-dodecyl-β-D-maltoside or Pluronic P123), lipid-like (1,2-diheptanoyl-sn-glycero-3-phosphocholine), and perfluoro-octanoate surfactants under mild acidic conditions to coassemble the light-responsive transmembrane protein proteorhodopsin at concentrations up to 15 wt % into the hydrophobic regions of worm-like mesostructured silica materials in films. Small-angle X-ray scattering, electron paramagnetic resonance spectroscopy, and transient UV−visible spectroscopy analyses established that proteorhodopsin molecules in mesostructured silica films exhibited native-like function, as well as enhanced thermal stability compared to surfactant or lipid environments. The light absorbance properties and light-activated conformational changes of proteorhodopsin guests in mesostructured silica films are consistent with those associated with the native H + -pumping mechanism of these biomolecules. The synthetic protocol is expected to be general, as demonstrated also for the incorporation of functionally active cytochrome c, a peripheral membrane protein enzyme involved in electron transport, into mesostructured silica−cationic surfactant films.
■ INTRODUCTION
Proteins are versatile biomolecules that are tailored for particular functions in biological systems, many of which would be desirable to harness for technological applications. The compositions and structures of proteins within cellular environments have evolved under biological selection criteria for diverse functionalities, including highly selective reactions, molecular or ion transport, and signaling, which often occur at high rates and support the viabilities of biological organisms. Recently, there has been significant progress in the engineering of proteins to have functionalities that are different from those of wild-type analogues by judiciously adjusting protein compositions through biomolecular mutagenesis processes (e.g., directed evolution). 1, 2 Many such functionalities could be attractive for technological uses, such as chemical or biological sensing, 3 catalysis, 4,5 separations, 6, 7 bioanalytics, 8 or energy conversion, 9 though they are typically highly specific for certain substrates over a narrow range of conditions. The effective exploitation of proteins for nonbiological purposes often requires that proteins be extracted from native biological environments and stabilized in active forms within synthetic host materials. Such synthetic hosts should provide robust local environments for the protein molecules to function under abiotic conditions, over length scales larger than a single cell, and enable integration into technologically relevant processes or devices.
Membrane proteins in particular offer many technological opportunities based on their diverse functionalities, though incorporating them into synthetic host materials has been challenging due to their limited stabilities and high hydrophobicities that require robust amphiphilic host environments. Consequently, in contrast to water-soluble globular proteins, membrane proteins are generally located within or interact with the amphiphilic lipid bilayers that separate the interiors of cells from their surroundings. At these complicated interfaces, individual monomers or oligomeric assemblies 10−12 of membrane proteins regulate intracellular conditions in a variety of functional roles that include sensing, signal transduction, and the selective transport of ions or molecules, 13 many of which might be exploited for a variety of practical purposes. One interesting example is the membrane protein proteorhodopsin (PR), which is found ubiquitously in oceanic microorganisms 14−20 and which absorbs green light to actively transport H + ions (protons) across cell membranes as a part of cellular metabolic cycles. 19 On the basis of the photoresponsive transport activities of PR, synthetic materials that include PR molecules have been proposed for a variety of energy conversion and optical applications, similar to those suggested for the homologous and well-characterized membrane protein bacteriorhodopsin of the archaea Halobacterium salinarium. 21−26 However, preparing synthetic hosts that contain membrane proteins with native or native-like activities is difficult, given the highly specific conditions required to support the generally complex protein structures 27, 28 and dynamics 29, 30 that are necessary for protein function. In most cases, membrane proteins can remain functional outside of the native lipid membranes only in the presence of membrane-mimetic surfactants or lipids 31−35 and over narrow ranges of solvent compositions and temperatures. 36 Such stability considerations have limited the incorporation of membrane proteins into only a few types of synthetic materials, including hydrogels, 37 block copolymers, 38−40 silica gels or glasses, 41,42 self-assembled lipid bilayer arrays, 43, 44 and supported lipid bilayers. 45 These materials, however, exhibit poor processabilities and modest mechanical, thermal, and chemical stabilities that have limited their suitabilities for harnessing the functionalities of membrane proteins. 38,39,43−45 The solution processabilities, amphiphilic properties, mechanical and thermal stabilities, and wide range of synthesis conditions of mesostructured silica make these materials advantageous to stabilize and exploit the functionalities of membrane proteins. Compared to lipid bilayers, mesostructured oxides are physically and chemically robust and can be synthesized with diverse mesoscopic (e.g., cubic, hexagonal, lamellar, or "worm-like") structures and macroscopic morphologies that include films, fibers, powders, and monoliths. 46 Furthermore, their mesoscale channel dimensions (3−12 nm) and specific volumes (1−2 cm 3 /g) are suitable for macromolecular or colloidal guests, such as proteins, 5, 8, 47 −51 conjugated polymers, 52,53 or nanoparticles. 54, 55 For example, by adjusting the mesochannel diameters of mesoporous silica hosts to be within approximately 1 nm of the dimensions of a folded protein, such protein species could be stabilized within the host; 48,56 for the case of the water-soluble enzyme protein lipase, higher activities were observed for lipase molecules incorporated in mesoporous silica hosts with optimized mesochannel dimensions. 57 In addition, mesochannel surface compositions can be modified during syntheses or by postsynthetic treatments to facilitate the incorporation of such guests, e.g., by introducing protein binding sites 47 or by adjusting the hydrophobicity of the channel surfaces to promote interactions with proteins. 9, 58 Despite such beneficial properties of mesostructured oxides, only a few types of membrane proteins, such as the light-harvesting photosynthetic complexes of the bacterium Thermochratium tepidum, have been incorporated in active forms into them, which has generally been achieved by the postsynthetic adsorption of proteins onto powders of these materials. 9, 58, 59 These approaches, however, lead to particles that often have composition gradients of proteins, small sizes (<10 μm diameters), and low interparticle connectivities, which limit the usefulness of powders in exploiting the molecular or ion transport properties of membrane proteins over macroscopic length scales.
Here, we present a general solution-based synthetic protocol for coassembling high concentrations of functional membrane proteins into surfactant-directed mesostructured silica materials as self-supporting films and monoliths. This is achieved by appropriate selection of solution compositions and conditions, including pH, solvent, and surfactant species that serve dual roles: to stabilize the large, highly hydrophobic, and relatively fragile membrane protein molecules and to direct their assembly with network-forming silica precursor species into a mesostructured silica composite. Proteorhodopsin was selected for incorporation, because its structure with seven α-helices represents a broad category of transmembrane proteins and because its light-activated functional properties are of potential technological interest. The structures, dynamics, stabilities, and distributions of PR guest molecules in synthetic mesostructured silica hosts are probed by a combination of complementary Xray diffraction, electron paramagnetic resonance (EPR) spectroscopy, and optical absorbance analyses for comparison with those in native-like micellar solution (aq) and lipid environments. Insights into the light-responsive functionalities of PR species in mesostructured silica films are established from timeresolved EPR and visible absorbance analyses before and after pulsed illumination of the films with green light. Cationic surfactants were used to incorporate the peripheral membrane protein cytochrome c oxidase into mesostructured silica membranes to demonstrate the generality of the approach.
For this study, size-exclusion fast protein liquid chromatography (FPLC) was used to purify and isolate predominantly monomeric proteorhodopsin and to remove salt from the proteorhodopsincontaining solution to reduce the effects of excess ions on subsequent surfactant-directed coassembly of the mesostructured silica host. The separation of monomeric and oligomeric complexes of proteorhodopsin solubilized within DDM micelles has been previously demonstrated using a Superdex 200 FPLC column. 61 For the current investigations, before elution of the proteorhodopsin through the FPLC column, the proteorhodopsin was incubated overnight in buffer containing 2 wt % of the zwitterionic lipid-like diC 7 PC, which was observed to enrich the monomeric fraction of PR when FPLC-purified with a 0.05 wt % DDM buffer. 10 After separation of the proteorhodopsin species by FPLC, the low-molecular-weight fractions corresponding to monomeric proteorhodopsin (with associated diC 7 PC and DDM surfactants) were collected and concentrated by using 50,000 MWCO Amicon centrifugal filters (Millipore). All buffer compositions, up to and including the elution step of the purification, were 50 mM K 2 HPO 4 and 150 mM KCl. To remove buffering salts, the monomeric PR solution was eluted through a Sephadex PD-10 buffer exchange column (GE Healthcare) equilibrated with Millipore water (18.2 MΩ·cm) containing 0.05 wt % DDM and adjusted to pH 4 using dilute HCl (aq). This was followed by centrifugation of the PR−surfactant solution using 50,000 MWCO Amicon centrifugal filters (Millipore) to obtain 60−1750 μM PR in solutions with volumes of 200−500 μL, as determined by optical absorbance. 32 Subsequent analyses of the resulting solutions by blue-native polyacrylamide gel electrophoresis revealed the presence of predominantly monomeric and dimeric proteorhodopsin species (63%, as estimated from the areas of the BN-PAGE signals, Supporting Information, Figure S1 ). Synthesis of materials with high (>10 wt %) protein loadings required the removal of excess DDM and diC 7 PC surfactants from the monomeric PR FPLC fractions, which was achieved by binding the monomeric PR to Ni-NTA resin and subsequently washing the PR-bound resin with 200 mL of an aqueous buffer containing 0.05 wt % DDM buffer and 20 mM imidazole. After eluting PR from the Ni-NTA resin using 500 mM imidazole buffer, the K 2 HPO 4 , KCl, and imidazole salts were removed from the PR sample by eluting the PR through a Sephadex PD-10 buffer exchange column (GE Healthcare) equilibrated with Millipore water (18.2 MΩ·cm) containing 0.05 wt % DDM and adjusted to a pH of ∼4 using dilute aqueous HCl. The PR was then concentrated using 50,000 kDa MWCO Amicon centrifugal filters (Millipore) to the desired PR concentration.
Preparation of Protein-Containing Mesostructured Silica Films. DDM+diC 7 PC-directed mesostructured silica materials without or with proteorhodopsin guests were typically synthesized by adding 0.05 g of tetraethoxysilane (TEOS) to 1 g of 4 mM HCl (aq) at room temperature. The mixture was stirred at room temperature for 2 h to allow the TEOS to hydrolyze, after which appropriate amounts of DDM, diC 7 PC, and PFO were added, which direct the assembly of the mesostructured silica framework and stabilize monomeric proteorhodopsin species. After dissolution of these surfactants, the precursor solution was cast directly onto a suitable substrate (typically glass for optical characterization, a polymer, e.g., Kapton, for SAXS measurements, or PDMS to yield free-standing films) and allowed to dry under ambient temperature conditions in either ambient or relatively high controlled humidity for 2 days to generate the DDM+diC 7 PC-directed mesostructured silica films before characterization. For materials that incorporate proteorhodopsin, the precursor solution was mixed in an approximately 1:1 ratio with an aqueous solution containing DDM +diC 7 PC-solubilized proteorhodopsin monomers (60−1750 μM) prepared as described above, titrated to a desired pH between 3.5 and 5.2 using dilute HCl or NaOH, cast onto a desired substrate, and allowed to dry for 2 days under ambient conditions. The film thickness could be varied from a few microns (typically supported on a substrate) to that of a free-standing monolith with thicknesses ranging from approximately 50 μm to greater than 1 mm. The film area could also be controlled over arbitrary dimensions; films have been routinely prepared with areas of several square centimeters, with scaling to significantly larger film areas expected to be possible. High PR concentrations, relatively low (H 2 O:TEOS mass ratio of <15:1) solvent quantities during synthesis, low (<25 wt %) silica content, and the presence of PFO promoted the assembly of mesostructured silica films with macroscopically uniform thicknesses and PR distributions (Supporting Information, Figure S2 ). DDM+diC 7 PC-directed silica materials with 40 wt % DDM, 20 wt % diC 7 PC, and 40 wt % SiO 2 were calcined by ramping the temperature at 0.5°C/min to 550°C, holding this temperature for 8 h, and subsequently decreasing the temperature to 25°C at 4°C/min. Pluronic P123-directed mesostructured silica materials were similarly synthesized by first dissolving 0.7 g of P123 in 0.7 g of ethanol mixed with 0.6 g of 0.02 M HCl (aq). Following the dissolution of P123, 1.47 g of TEOS were added to this solution and allowed to hydrolyze for 2 h, after which 2.5 g of an aqueous solution containing the desired amount of proteorhodopsin (typically 80 μM) was added. This solution was then cast on a suitable substrate and allowed to dry at room temperature under a vacuum of 36 kPa to promote more rapid solvent evaporation.
To prepare mesostructured silica materials containing cytochrome c, 0.1 g of the structure-directing surfactant, TTACl, and 0.2 g of TEOS were mixed with 2 g of 5 mM HCl (aq), and the TEOS was allowed to hydrolyze for 2 h at ambient temperature. The pH of the resulting solution was approximately 4. After hydrolysis, 13.5 mg of cytochrome c was added. This mixed solution was then cast on a suitable substrate and allowed to dry under ambient temperature and humidity for 2 days.
Characterization. Small-angle X-ray scattering (SAXS) patterns were acquired from mesostructured silica−surfactant materials without or with proteorhodopsin to establish the degree of mesostructural , n-dodecyl-β-D-maltoside (DDM), Pluronic P123, and tetradecyltrimethylammonium chloride (TTACl) and the surfactant sodium perfluorooctanoate (PFO). (B) Schematic structure 62 of a proteorhodopsin monomer with the two specific residues A174 and T177 indicated to which nitroxide spin-labels (R1) were attached for EPR characterization. 60 order in the films. Powders of DDM+diC 7 PC-directed mesostructured films were characterized on a Rigaku Smartlab High-Resolution Diffractometer (λ = 1.542 Å, voltage 40 keV, current 44 mA). SAXS measurements of PR-containing P123-directed materials were conducted using a XENOCS Genix 50 W X-ray microsource with Cu Kα radiation (λ = 1.542 Å, voltage 50 keV, current 1 mA) and a MAR345 image plate area detector (located 1.4 m behind the sample) in a transmission geometry.
2D HYperfine Sublevel CORrelation (HYSCORE) pulsed EPR analyses were conducted to establish the proximities among the nitroxide spin-labels attached to E−F loop residue 174 of proteorhodopsin molecules and the 19 F moieties of sodium perfluoro-octanoate molecules in the mesostructured silica film. These pulsed-EPR experiments were performed at υ L = 9.2492 GHz on an X-band Bruker Elexsys 580 spectrometer that was equipped with a Bruker Flexline split-ring resonator ER4118X-MS3. The temperature was set to 50 K by cooling with a closed-cycle cryostat (ARS AF204, customized for pulsed EPR, ARS, Macungie, Pennsylvania, USA). First, an electron spin−echo (ESE)-detected spectrum was recorded with the primary echo sequence π/2−τ−π−τ−echo. The lengths of the π/2 and π pulses were 16 and 32 ns, respectively, and τ was set to 200 ns. 2D HYSCORE spectra were recorded with the pulse sequence π/2−τ−π/2−t 1 −π−t 2 −π/2−τ−echo 65,66 at a magnetic field of 329.3 mT, corresponding to the maximum amplitude of the nitroxide EPR signal. The lengths of all pulses were set to 16 ns, and the time intervals t 1 and t 2 were varied from 300 to 4396 ns in increments of 16 ns. A standard eight-step phase cycle was used to eliminate unwanted echoes. To avoid substantial "blind spot" artifacts, two separate HYSCORE spectra were recorded with a τ value of either 148 or 180 ns. The time traces of each HYSCORE spectrum were baseline corrected with a third-order polynomial, apodized with a Gaussian window, and zero-filled with 1024 points along each dimension. After applying a two-dimensional (2D) Fourier transformation, the absolutevalue spectra recorded for τ = 148 and 180 ns were then added to achieve an artifact-reduced spectrum.
Solution-state 1 H NMR measurements were conducted at 11.7 T on a Bruker AVANCE 500 MHz spectrometer operating at a 1 H frequency of 500.2 MHz. Single-pulse 1 H NMR spectra were acquired using a 90°pulse of 13.8 μs, an acquisition time of 6 s, and a recycle delay of 10 s for each of the 64 signal-averaged transients. The surfactant quantities in the desalted PR−surfactant solution were established by acquiring a solution-state single-pulse 1 H NMR spectrum on a solution containing 50 μL of the as-purified PR− surfactant sample and 950 μL of D 2 O containing 0.1 wt % DDM, which corresponds to a 1-in-20 dilution of the PR−surfactant solution. The quantity of DDM in the diluted proteorhodopsin sample was obtained by comparing the integrated areas of the 1 H signals at 0.84, 3.5, and 5.4 ppm, assignable to the 1 H moieties of DDM, 67 to those from an external reference of 0.1 wt % DDM in D 2 O.
Solid-state 19 F NMR spin−lattice T 1 relaxation time measurements were conducted at 11.7 T on a Bruker AVANCE II spectrometer and a 1.3 mm double-resonance Bruker magic-angle-spinning (MAS) probehead for fast sample rotation frequencies (54 kHz). To establish the interactions between the nitroxide spin-labels on proteorhodopsin and specific 19 F moieties of the PFO probe molecules, 19 F T 1 relaxation times were measured by a series of inversion−recovery experiments conducted at room temperature. Solid-state NMR 1 H{ 19 F} rotational-echo, double-resonance (REDOR) MAS NMR spectra were acquired at 9.4 T by using a variable-temperature 2.5 mm triple-resonance Bruker MAS probehead on a Bruker ASCEND-III NMR spectrometer operating at frequencies of 400.02 MHz for 1 H and 376.32 MHz for 19 F. Samples were packed into 2.5 mm zirconia rotors with Vespel caps. The 1 H{ 19 F} REDOR NMR spectra were acquired under MAS conditions of 15 kHz at approximately −20°C, using a 6 s delay time, and 250 ms acquisition time for each of the 256 signal-averaged transients. A train of 15 rotor-synchronized π-pulses, corresponding to a 0.11 ms recoupling time, was applied to the 19 F channel to recouple the 19 F− 1 H dipolar couplings during the 1 H evolution period. Differences among the signal intensities of spectra acquired without and with 19 F− 1 H dipolar recoupling arise from the dipolar couplings among 1 H and 19 F moieties, providing insights about their proximities.
Continuous-wave (cw) EPR spectra were collected at room temperature with a 0.35 T Bruker EMXplus spectrometer equipped with a Bruker TE011 high-sensitivity cylindrical microwave cavity (ER 4119HS-LC High Sensitivity Probehead). The spectra were acquired using 20 mW incident microwave power, 1 G modulation amplitude, and 150 G sweep width on PR-containing mesostructured silica films or micellar solutions in 0.6 mm ID, 0.84 mm OD quartz capillaries (VitroCom) and placed into 4 mm diameter quartz EPR tubes (Wilmad). Multiple 40 s scans were averaged to enhance the signal-tonoise ratio of the EPR spectra.
Light activation of proteorhodopsin within the EPR microwave cavity was carried out by illumination through the cavity optical window using an ∼5 mW green (532 nm) diode laser (DPS20 Midwest Laser Products, LLC) that was mounted on an aluminum stage secured to the front of the electromagnet. Time-resolved lasertriggered cw EPR measurements were performed by synchronizing EPR data acquisition to a 500 ms laser flash from the green diode laser source, using a Hewlett-Packard 8116A pulse generator that provided TTL pulses to the external trigger port of the EMX-plus spectrometer and the diode laser with the desired timing. Transient changes of a specific cw EPR peak were tracked by fixing the magnetic field to resonate at the frequency of interest and observing the cw EPR spectral amplitude for 10−15 s during and after laser illumination by a 500 ms green laser pulse. Such measurements were repeated and averaged for 4 h or longer (1000 scans or more) to improve signal-tonoise.
Time-resolved optical absorbance measurements were conducted on a home-built apparatus previously described 60 and used to monitor the absorbance changes of proteorhodopsin guests induced by the green laser pulse. The same ∼5 mW green laser used for cw EPR experiments was used to illuminate the samples (silica films or solution), which were contained in a flat sample cell or a 1 mm square cuvette. A tungsten light source (Ocean Optics, LS-1) and a chargecoupled-device (CCD) camera (Andor Idus) were used to collect absorbance difference spectra every 80−100 ms after a 500 ms laser pulse. Buffers of identical compositions and monomeric proteorhodopsin were used to ensure that the photocycle kinetics measurements were comparable among all of the samples that were characterized.
Steady-state absorbance measurements were conducted on a Shimadzu UV3600 UV−vis-NIR spectrometer with an integratingsphere detector to determine the thermal stability of proteorhodopsin molecules within the mesostructured silica films and in the lipid bilayer samples, as well as to examine the oxidation state of cytochrome c. The thermal stabilities of the various PR-containing samples were probed by heating samples for 24 h at the temperatures specified in the text (70−105°C) in a Fisher Scientific IsoTemp oven. Ex situ absorbance measurements were performed following treatments at different temperatures and normalized to absorbance measurements on the same sample prior to heating; linear interpolation between the absorbances at 450 and 700 nm was used to estimate the baseline absorbance not attributable to the chromophore. Since negligible denaturation of PR was observed at 70°C, these samples were also used to assess denaturation at 80°C, but otherwise previously unheated samples were used in all tests. Samples of PR in lipid bilayers were prepared by the following procedure: overexpressing PR in E. coli, lysing these cells, using centrifugation to isolate the lipid membrane fragments, and then resuspending the lysed PR-containing membranes in a phosphate-buffered solution, as described in the Supporting Information.
UV−visible absorption analyses were also conducted to characterize the oxidation and reduction of cytochrome c guests in TTACl-directed mesostructured silica materials. For the UV−visible absorption measurements, the samples were prepared by placing a free-standing film of the material into a plastic cuvette and then incubating the film for 10 min in 2 mL of 0.1 M tris-acetate-buffered solution that was titrated to pH 7.0 by using 1 M HCl and without ethylenediaminetetraacetic acid. To reduce the cytochrome c guests in the mesostructured silica hosts, the tris-acetate-buffered solution in the Journal of the American Chemical Society Article cuvette was removed and the film was subsequently incubated in 2 mL of a fresh tris-acetate-buffered solution with an otherwise identical composition, except with 30 mM ammonium iron(II) sulfate.
■ RESULTS AND DISCUSSION
Mesoscale Order in Proteorhodopsin-Containing Silica Films. The surfactants that stabilize proteorhodopsin molecules outside of the native lipid environments can also direct the assembly of mesostructured silica materials with or without proteorhodopsin. Surfactants such as the nonionic ndodecyl-β-D-maltoside (DDM) and zwitterionic 1,2-diheptanoyl-sn-glycero-3-phosphocholine (diC 7 PC) interact with PR species and enable the native structures, dynamics, and functionalities of these biomolecules to be preserved in nonnative environments. We hypothesized that the PR-stabilizing surfactant species DDM and diC 7 PC could direct the assembly of mesostructured silica materials, resulting in synthetic hosts into which functionally active PR guests could be incorporated. The structure-directing roles of DDM and diC 7 PC surfactants, individually and in mixtures, were probed by small-angle X-ray scattering, which is sensitive to long-range order within the materials; for the X-ray wavelength used (1.54 Å), Bragg's law stipulates that small-angle (<5°) reflections correspond to periodicities larger than 1.5 nm, thereby providing information about mesoscale (2−50 nm, according to IUPAC convention) order within the surfactant-directed silica materials. For example, the SAXS pattern ( Figure 2A ) of a silica film synthesized with a mixture of DDM and diC 7 PC surfactants in a 2:1 mass ratio shows a broad primary (100) reflection at 1.9°( full width at half-maximum, fwhm, 0.4°), corresponding to a dspacing of 4.6 nm. The broadness of this reflection and the absence of higher-order Bragg reflections indicate the relatively modest long-range mesostructural organization of this DDM +diC 7 PC-directed silica material. Similar films were also calcined and characterized by N 2 sorption and SEM analyses (Supporting Information, Figure S3 ), which establish a similar extent of mesostructural order and relatively uniform nanometer pore dimensions after calcination. These results are consistent with the proclivity of DDM surfactants to assemble into cylindrical aggregates 68 and suggest that DDM and diC 7 PC form worm-like mesochannels within the mesostructured silica, as shown schematically in the inset of Figure 2A . Mesostructured silica synthesized with a 2:1 mass ratio of DDM to diC 7 PC was selected to incorporate proteorhodopsin guest species, as these materials were expected to have surfactant mesochannel dimensions (∼4 nm) similar to those of proteorhodopsin monomers (∼4 nm in length × ∼3 nm in diameter, Figure 1B ). 62 These DDM+diC 7 PC-directed silica films synthesized with 5 wt % PR yielded a SAXS pattern with a single and somewhat broader primary (100) reflection at 1.7°( 0.5°fwhm), corresponding to a d-spacing of 5.2 nm ( Figure  2B ) that is displaced to a smaller scattering angle compared to 
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Article otherwise identical silica films without PR guest species ( Figure  2A ). These observations are consistent with the incorporation of predominantly monomeric PR species in the DDM+diC 7 PCdirected mesostructured silica host, which is expected to be associated principally with hydrophobic surfactant moieties in the silica mesochannels, owing to the high hydrophobicities of the membrane protein guests. However, these films often exhibited a coffee-ring-like gradient of PR loading, in which the periphery was transparent with an intense purple color ( Figure  2B , inset), consistent with that of photoactive and functional PR under acidic conditions, 69 though with an inhomogeneous macroscopic distribution.
The homogeneities of the proteorhodopsin distributions and film thicknesses were significantly improved by synthesizing films with a third surfactant, perfluoro-octanoate (PFO, 19 wt %), with correspondingly less silica, and less acidic (pH 5) conditions (Supporting Information, Figure S8 ). This is thought to be due to more rapid condensation of silica at higher pH (compared to pH 4) and hydrophobic interactions between PFO and PR that inhibit the redistribution of PR molecules. Figure 2C shows a SAXS pattern for a mesostructured silica film containing 5 wt % PR synthesized with surfactant mass ratios of 2 DDM:1 diC 7 PC:1 PFO, that exhibits a single SAXS reflection at 2.4°(0.3°fwhm), which corresponds to a d-spacing of 3.7 nm. The displacement of the reflection to a larger scattering angle, compared to the DDM +diC 7 PC-directed materials without PFO, is consistent with the relatively high contents of diC 7 PC and PFO, both of which have shorter alkyl chains than DDM and which are expected to lead to smaller mesochannel dimensions. Importantly, this film also manifests a uniform macroscopic distribution of PR, as shown in the optical image of the accompanying inset. In addition, nanoindentation analyses established that DDM +diC 7 PC+PFO-directed mesostructured silica film with 5 wt % PR exhibited a mean hardness of 5.0 MPa and mean modulus of 260 MPa, both of which increase with silica content (Supporting Information, Table S1 ). These values are somewhat lower than reported for other mesostructured silica materials 70,71 though consistent with the lower silica content (21 wt %) of the DDM+diC 7 PC+PFO-directed silica examined here. Higher loadings (15 wt %) of homogeneously distributed proteorhodopsin are notably achieved in mesostructured DDM +diC 7 PC+PFO-directed silica films with the same surfactant mass ratios of 2 DDM:1 diC 7 PC:1 PFO. As shown in Figure  2D , the resulting material yielded a SAXS pattern with a primary (100) reflection at 2.1°(0.5°fwhm) that corresponds to a d-spacing of 4.3 nm, consistent with expansion of the silica mesochannels to accommodate the PR guest species.
Synthesis compositions and conditions can be adapted to adjust the intermolecular interactions among the coassembling species and the resulting ordering, dimensions, and properties of proteorhodopsin-containing mesostructured silica hosts, although often with trade-offs. For example, DDM-directed silica synthesized with less water (mass ratio of 3.5 silica precursor:15 H 2 O), with organosilica precursor species (e.g., npropyltriethoxysilane), and with 5 wt % PR yielded narrow Xray reflections at 1.7 and 2.0°( Figure 2E ) that correspond to dspacings of 5.2 and 4.0 nm, respectively. These are indexable to the (20) and (11) reflections of a rectangular phase, which has been reported for the binary DDM−water system, 72 though which would require additional higher order reflections to confirm. In addition, as shown in the accompanying inset, this high-silica film with 40 wt % SiO 2 /n-propyl-SiO 1.5 showed no macroscopic cracks. By comparison, the use of conventional Pluronic P123, (EO) 20 (PO) 70 (EO) 20 triblock copolymer structure-directing surfactant species also yielded narrow reflections, though it was possible to incorporate only small quantities of PR (0.5 wt %) under the conditions used here. For example, the SAXS pattern in Figure 2F for P123-directed mesostructured silica containing 0.5 wt % PR shows three wellresolved reflections at 0.8°(0.1°fwhm), 1.3°, and 1.5°that are indexable to the (100), (110), and (200) reflections, respectively, 73 of a well-ordered hexagonal (p6mm) mesostructure with a unit cell parameter of 13.2 nm. Similar reflections are observed for otherwise identical P123-directed mesostructured silica film, except without PR (Supporting Information, Figure S7 ), consistent with the low PR content of the material and the relatively large mean mesochannel dimensions (ca. 8 nm diameter), 73 compared to the size of the PR monomers ( Figure 2E ). Higher concentrations (>0.5 wt %) of PR yielded pink powders that precipitated out of solution, exhibited no SAXS reflections (i.e., no mesostructural order was detectable), and from which macroscopic films could not be formed. These observations are likely due to the more hydrophilic characters of the ethylene oxide and propylene oxide blocks of the structure-directing P123 surfactant species compared to DDM or diC 7 PC, the former of which are less compatible with and therefore less effective in incorporating the highly hydrophobic PR molecules under the synthesis conditions used.
Stability of Proteorhodopsin Molecules in Mesostructured Silica. The absorbance properties of proteorhodopsin guest species provide insight into their photoactivities and stabilities in synthetic mesostructured silica hosts. Under acidic conditions, the retinal chromophore within functional PR absorbs maximally at ∼546 nm, 69 which differs from the absorbance of free (non-PR-associated) retinal in aqueous solution at ∼380 nm. 74 This is a result of the different local environments of the retinal moieties within PR, including covalent and hydrogen bonding, as well as interactions with moieties in the H + -ion channel of PR. The UV−visible absorbance spectrum in Figure 3A of a DDM+diC 7 PC+PFOdirected silica film containing 5 wt % PR shows a broad (110 nm fwhm) absorption peak centered at 541 nm, which is characteristic of the retinal moieties in functionally active PR molecules under acidic conditions and accounts for the purple coloration of such films ( Figure 2C , inset). This visible absorbance is absent in films without PR, prepared under otherwise identical compositions ( Figure 3A , gray, see also the Supporting Information, Figure S9 ). Absorbance intensity is also observed in the range 350−450 nm, which likely originates from PFO molecules, scattered light from the mesostructured silica film, and/or the beta-band absorbance of the retinal chromophore in PR; 32,75 for bacteriorhodopsin, absorbance in this region is associated with high-energy transitions in the retinal that are separate from those associated with the chromophore absorbance above 500 nm. 76 Under ambient and dark storage conditions, the PR-containing mesostructured silica films retain purple colorations for at least several months, with no perceptible changes in absorbance detected by the human eye. Importantly, films with identical compositions, but prepared using synthesis conditions common for other mesostructured silicas (e.g., high acidity, high alkalinity, or with a cosolvent), appear yellow or transparent (Supporting Information, Figure S2 ), indicating that such conventional preparations have deleterious effects on the local structure and
Article function of the PR chromophore. Collectively, these results demonstrate the stabilities of photoactive PR guests in DDM +diC 7 PC+PFO-directed mesostructured silica host materials prepared under mildly acidic (pH 4−5) conditions and under ambient conditions.
In addition, proteorhodopsin guest molecules in DDM +diC 7 PC+PFO-directed mesostructured silica films maintained high photoactivities after exposure to elevated temperatures (up to 105°C). The thermal stabilities of photoactive PR guest species were assessed by measuring the absorbance intensities at 520 nm of PR-containing mesostructured DDM+diC 7 PC +PFO-directed or P123-directed silica films after exposure to elevated temperatures up to 105°C for 24 h. By Beer's law, these absorbance intensities are proportional to the concentration of photoactive PR guests; thus, their normalization to the 520 nm absorbance of each respective sample prior to thermal treatment yields an estimate for the percentage of PR guests that remain photoactive after each thermal treatment. For comparison, identical measurements and analyses were conducted on PR in native-like phospholipid membranes of E. coli cells. As shown in Figure 3 , after thermal treatment at 70°C , all four PR-containing materials retained at least 90% of the absorbance intensity at 520 nm, indicating a loss of <10% of photoactive PR species after heating to this moderately high temperature. After treatments at higher temperatures, however, significant differences were observed: there was no detectable absorbance at 520 nm from the PR-containing P123-directed silica film and E. coli membranes after heating to 90 and 97°C, respectively, establishing that the PR guests in these materials were fully denatured within the sensitivity limits of the UV− visible absorbance analyses.
By comparison, after heating to an even higher temperature of 100°C, the DDM+diC 7 PC+PFO-directed silica films with 5 wt % PR retained 77% of the 520 nm absorbance observed in the film before thermal treatment, and 45% after heating at 105°C for 24 h ( Figure 3B , blue circles). Films with otherwise identical compositions but higher (15 wt %) PR loading showed similar 520 nm absorbance intensities ( Figure 3B , purple diamonds) after thermal treatment, indicating a weak (if any) dependence of PR thermal stability on PR loading. The relatively high thermal stabilities of photoactive PR guests in the DDM+diC 7 PC+PFO-directed silica, compared to the P123directed films and phospholipid membranes, likely result from the combined benefits of the narrower DDM+diC 7 PC+PFOdirected mesochannel dimensions (∼3 nm) that physically constrain the PR species from unfolding and the favorable interactions between PR molecules and hydrophobic DDM, diC 7 PC, and PFO surfactant moieties.
Local Proteorhodopsin Environments within Silica Mesochannels. Insight into the local distributions of proteorhodopsin guest molecules within the mesostructured silica hosts is provided by two-dimensional (2D) electron paramagnetic resonance (EPR) spectroscopy. EPR methods, such as hyperfine sublevel correlation (HYSCORE) experiments, are sensitive to hyperfine interactions between an electron spin and proximal (<1 nm) nuclear spins. Consequently, by exploiting a nitroxide spin-label ("R1") covalently attached to the exterior moieties of PR molecules (here, at the E−F loop site 174, "A174R1", Figure 1B ), the local proximities of the spin-labels, and thus the attached PR molecules, to nearby nuclei can be probed. In the high-frequency (+, +) quadrant of a 2D HYSCORE spectrum, correlated intensities along the frequency diagonal arise from nuclear spins that are weakly coupled by hyperfine interactions to unpaired electrons, while the line shape of the correlated signal along the corresponding frequency anti-diagonal is related to the anisotropy associated with these interactions.
For example, the high-frequency quadrant of the 2D HYSCORE EPR spectrum ( Figure 4 ) acquired on a DDM +diC 7 PC+PFO-directed mesostructured silica film containing 5 wt % of spin-labeled PR-A174R1 shows correlated signal intensity along the diagonal at (14.0, 14.0) MHz. This corresponds to the 1 H nuclear Larmor frequency and establishes the close (<1 nm) proximities of 1 H moieties to the unpaired electrons of the nitroxide spin-labels attached to PR molecules. The antidiagonal line shape that intersects near (14.0, 14.0) MHz (labeled " 1 H" in Figure 4 ) is similar to that of a characteristic powder pattern for an axially symmetric 1 Helectron hyperfine coupling tensor, the anisotropic parts of which result in the two less intense correlations separated evenly about the frequency diagonal at ca. (14.3, 14.3) MHz. The large ∼1 MHz separation of these two signals about the frequency diagonal indicates that these signals arise from 1 H species that experience strong hyperfine couplings, allowing these signals to be confidently attributed to the strong intramolecular hyperfine interactions among the 1 H moieties and unpaired electron spin on each nitroxide spin-label. By comparison, the more intense and narrower frequency distribution near (14.0, 14.0) MHz likely originates from both intra-and intermolecular hyperfine interactions among a Both spectra in part A were adjusted such that the absorbance at 900 nm was zero. (B) Normalized UV−visible absorbance intensities at 520 nm of proteorhodopsin in a mesostructured DDM+diC 7 PC+PFO−silica film at 5 wt % (blue circles) and 15 wt % (purple diamonds), a mesostructured P123−silica film (green triangles), or in phospholipid membranes (red squares) after heating for 24 h at temperatures between 70 and 105°C. For each heat-treated sample, the visible absorbance at 520 nm was measured and normalized to the absorbance intensity at 520 nm of the same sample measured before heating. The uncertainty in normalized absorption is expected to be 5−10% based on variations in film thicknesses and measurement limitations.
Article large number of 1 H moieties of the protein and the surrounding environment that are more distant from the unpaired electrons. Signal intensity is also observed at (3.8, 3.8) MHz (Supporting Information, Figure S10 ), corresponding to the 13 C Larmor frequency, though it is very weak, due to the low (1.3%) natural abundance of 13 C nuclei in the protein and surfactant species in the mesostructured silica material.
The HYSCORE spectrum also provides detailed information about intermolecular interactions among the proteorhodopsin guest molecules with the surfactant and silica species of the mesostructured silica host material. In particular, the weaker correlated signal on the frequency diagonal at (13.2, 13.2) MHz, corresponding to the Larmor frequency of 19 F, unambiguously establishes the close proximities of the nitroxide spin-labels with 19 F nuclear spins of the PFO surfactant species, which are the only fluorinated molecules in this material. Separate solid-state 1 H{ 19 F} REDOR NMR experiments (Supporting Information, Figure S11 ) on mesostructured silica hosts without PR reveal the close (<1 nm) proximities of the hydrophobic perfluorinated chains of the PFO molecules and the alkyl chains of the stabilizing and structure-directing DDM and diC 7 PC surfactant species. The HYSCORE and 1 H{ 19 F} REDOR analyses together indicate that spin-labeled PR species are close to and interact with the hydrophobic alkyl chains of the DDM and diC 7 PC surfactant species that form the mesochannels of the mesostructured silica host. No correlated intensities are observed that suggest the close (<1 nm) proximities of the unpaired nitroxide electron spins and 29 Si nuclear spins of the silica framework, though the absence of signal could result from the low (4.7%) natural abundance of 29 Si nuclei and moderate silica content (20 wt %) in the material. In fact, under the relatively acidic (pH 3.5−5) synthesis conditions used for these materials, the intracellular side of PR would be positively charged 44 and thus be expected to interact with the negatively charged silica framework or extracellular regions of other PR guests. These analyses affirm that spin-labeled PR guest species are distributed within the DDM-and diC 7 PC-rich surfactant channels of the mesostructured silica host, as depicted schematically in Figure 4B .
Dynamics of Proteorhodopsin within Mesostructured Silica. The light-activated H + -transporting functionalities of proteorhodopsin molecules, whether within native lipid bilayers or within the mesostructured surfactant−silica host materials, rely on the dynamics of the PR molecules. Native cell membrane environments provide ample water, salts, and lipids to enable the conformational changes of PR molecules, specifically the pico-to nanosecond dynamics of protein structural elements that are thought to be generally necessary to support protein activities and biological functions. 77 Continuous-wave (cw) EPR is sensitive to such motions and therefore provides insight into the dynamics of PR within non-native host environments, which can have different length scales and compositions than in native lipids.
On the basis of the native-like optical absorption properties ( Figure 3A ) of proteorhodopsin molecules in synthetic mesostructured silica, we hypothesized that the surfactant-rich mesochannel environments would also support the native-like structural dynamics of proteorhodopsin guests. To test this hypothesis, cw EPR spectroscopy was used to examine the dynamics of nitroxide spin-labels attached to PR at residue A174 or T177 of the α-helical E−F loop (yielding PR-A174R1 or PR-T177R1, Figure 1B) , the motions of which are highly correlated with the light-activated H + -transport mechanism of PR. 60 The cw EPR spectra in Figure 5A of these spin-labeled PR species in powders of as-synthesized DDM+diC 7 PC+PFOdirected mesostructured silica films exhibit line shapes that are characteristic of nitroxide radicals, with three distinct EPR peaks. Line shape analyses of the EPR spectra can provide sitespecific information on the local dynamics of the spin-labeled moieties under different conditions. Specifically, the line width of the central peak (characterized by H 0 ) is broader for less mobile species, while the intensities of the "m" and "i" components of the low-frequency peak (leftmost in Figure 5A ) reflect the relative populations of nitroxide spin-labels that are relatively mobile and immobile, respectively, on the nanosecond time scale. 78,79 The "m" and "i" components may arise from spin-labels in two conformations that exchange slowly on the EPR time scale or not at all, due to differences in local PR structure or local molecular environments.
In particular, the dynamics of the E−F loop of proteorhodopsin in synthetic mesostructured silica hosts were evaluated by comparing the cw EPR line shapes of spin-labeled PR in DDM+diC 7 PC+PFO-directed silica powders and in aqueous micellar solutions. The EPR spectra in Figure 5A acquired from PR-A174R1 or PR-T177R1 in as-synthesized DDM+diC 7 PC+PFO-directed mesostructured silica both show center-peak line widths in the range 0.88−0.92 mT, which are broader than the 0.23−0.31 mT line widths ( Figure 5B ,C, insets) of identically spin-labeled PR in alkaline-buffered DDM +diC 7 PC micellar solutions. These differences reflect the slower dynamics of the A174R1 and T177R1 side chains of PR guest molecules confined in mesostructured silica, compared to in DDM+diC 7 PC micellar solutions. The slower side-chain 
Article dynamics for PR guest species in as-synthesized silica films are also qualitatively borne out in Figure 5A by the significantly greater EPR intensity of the low-frequency immobile "i" component over the mobile "m" component, 78, 79 which is in contrast to the EPR spectra of otherwise identical PR in alkaline-buffered micellar solutions ( Figure 5B ,C insets) for which the reverse is observed. These results collectively indicate the slower dynamics of the E−F loop of proteorhodopsin molecules incorporated in as-synthesized DDM+diC 7 PC+PFOdirected mesostructured surfactant−silica hosts, compared to native-like surfactant environments, consistent with physical confinement of the side chains of PR molecules within the ca. 5 nm silica mesochannels.
The side-chain dynamics of proteorhodopsin guest species in synthetic mesostructured silica depend strongly on the extent of hydration of the host material, as well. The EPR spectra ( Figure 5B ,C) of PR-containing mesostructured silica films hydrated by exposure to excess amounts of alkaline-buffered solutions ( Figure 5B,C) show significantly higher relative signal intensities associated with the mobile "m" component (versus the immobile "i" component), compared to those of PR in assynthesized films ( Figure 5A ). Nevertheless, the relative intensities of the mobile moieties in Figure 5B ,C are still slightly less than those in spectra acquired from identically spinlabeled PR molecules in alkaline-buffered DDM+diC 7 PC micellar solutions ( Figure 5B ,C insets). While these data reveal that the average side-chain dynamics of incorporated PR guests increase with hydration, native-like PR dynamics are not completely obtained even in fully hydrated films, likely due in part to the effects of confinement within the silica mesochannels. The mobile components in the EPR spectra of PR-A174R1 or PR-T177R1 guest species in P123-directed mesostructured silica films also increase with hydration (Supporting Information, Figure S12 ). Nevertheless, the EPR line shape analyses reveal that the side-chain mobilities of PR molecules in hydrated mesostructured silica host films are only slightly lower than PR in micellar solutions, suggesting that the proteorhodopsin guests maintain their predominant functional form. Despite the high mobilities of the PR species, the relatively high (30 wt %) silica contents of the host materials used for the EPR analysis appear to prevent the PR guests from leaching into buffered solutions, as established by UV−visible absorption spectroscopy (Supporting Information, Figure S13 ).
The different sensitivities of the spin-labeled A174R1 and T177R1 side-chain residues to hydration level yield structural information about the E−F loop of proteorhodopsin guests in the DDM+diC 7 PC+PFO-directed mesostructured silica films. For PR with native folding, the amphiphilic E−F loop has an αhelical structure that is oriented along the cytoplasmic protein surface, with one side nearer to the protein bilayer and the other more exposed to solvent; 60,80 as a consequence, E−F loop residues closer to the bilayer, such as A174, show lower mobilities compared to residues farther from the bilayer, such as the solvent-exposed T177. 60 Upon hydrating as-synthesized PR-containing DDM+diC 7 PC+PFO-directed mesostructured silica films, the spectral line widths (H 0 , Figure 5B ,C) decrease by factors of 2.1 and 3.4 for films containing PR-A174R1 and PR-T177R1, respectively, indicating that the T177R1 residue is more solvent-exposed than the A174R1 residue. This trend is consistent with the relatively greater solvent exposure for the T177R1 residue, versus the A174R1 residue, of PR molecules in native-like micellar solutions, 43 suggesting that the E−F loop of PR in hydrated mesostructured silica hosts retains its native-like fold.
Photoactivated Responses of Proteorhodopsin in Silica Mesochannels. The light-activated transient absorbance behaviors of proteorhodopsin species in mesostructured silica relate to and provide information about the H + -pumping functionalities of these biomolecular guests. After excitation by green light, PR molecules in native environments undergo a photochemical reaction cycle that involves several changes in retinal isomerization, protein conformation, and the protonation states of various residues that result in the net transport of H + ions across the transmembrane region of PR. 81 As some of these changes yield different chemical and physical environments for the retinal chromophore, several intermediates in the reaction cycle have characteristic optical absorbance signatures. 32,82 For example, PR in the important "M" intermediate state, in which the Schiff base linkage of the retinal chromophore is deprotonated, absorbs maximally at 405 nm, 83 manifesting a significant blue-shift from the ∼520 nm absorbance maximum of PR prior to light activation, referred to as the "PR" state. Additional photocycle intermediates include the "K" and "N" intermediates, which have characteristic absorbances that are red-shifted compared to the PR state. 69, 83 As a result, after activation by green light, the transient 
Article absorbance responses of PR-containing mesostructured silica can provide insights into the photochemical reaction cycle, and thus the H + -ion pumping function, of PR guest species.
Light-triggered transient absorption analyses were conducted on PR-containing DDM+diC 7 PC-directed mesostructured silica and compared with the light-activated absorbance responses of PR in DDM+diC 7 PC micellar solutions, as well as in E. coli membranes. In this study, measurements were conducted using PR with the "proton donor" glutamate (E108) residue substituted to glutamine (Q), which prolongs the M photointermediate lifetime to seconds, compared to milliseconds in wild-type PR, 82 and enables the transient absorbance responses of PR to be observed by using conventional laser and optical spectroscopy analyses. In particular, key information about intermediates in the photochemical reaction cycle of proteorhodopsin species in the synthetic mesostructured silica films can be obtained from optical-absorbance difference spectra. 83 Such spectra are obtained by subtracting an absorbance spectrum collected for a sample 130 ms after activation by a 500 ms green laser pulse (∼5 mW) from a spectrum acquired immediately prior to illumination; the intensities in such difference spectra manifest absorption changes that are associated with photoactivation. For example, the difference spectra in Figure 6A Figure 6A , black) in this wavelength region. These different transient absorbance behaviors reflect the different rates of accumulation and decay of the K and/or N intermediates 83 of PR in DDM+diC 7 PC-mesostructured silica, compared to the micellar solution, possibly due to the somewhat lower extent of hydration and/or more acidic local environments of PR guests in the mesostructured silica. This is corroborated by a similar increase in intensity near 620 nm in the difference spectrum (Supporting Information, Figure S14 ) acquired from PR-E108Q in an otherwise identical assynthesized mesostructured DDM+diC 7 PC+PFO−silica film but prior to hydration and alkaline-buffering. Collectively, the transient optical absorbance analyses provide evidence, after illumination, of transient PR photointermediates in hydrated mesostructured silica hosts that are associated with lightactivated H + -pumping activity.
The photocycle kinetics of proteorhodopsin guests in synthetic mesostructured silica hosts also show similarities to monomeric proteorhodopsin in micellar solutions. Importantly, the time scales of the photointermediates determine the H +pumping rate of PR, with shorter time scales yielding higher proton-pumping rates that would be desirable for photoelectrochemical energy conversion applications. Here, the apparent interconversion kinetics of the M intermediate and PR states are estimated from the transient absorbances at wavelengths of 520 and 410 nm, respectively, at times 130 ms after green-laser excitation. As shown in Figure 6B , after illumination, the transient optical absorbance spectra of PR-E108Q in a DDM+diC 7 PC+PFO-directed mesostructured silica film hydrated with alkaline buffer and monomeric PR-E108Q in an alkaline-buffered DDM+diC 7 PC micellar solution both show transient decreases in intensities at 410 nm and concomitant increases in intensities at 520 nm. These results indicate a transient decrease in the population of PR in the M intermediate state and corresponding accumulation of the PR state, the interconversion time scales of which can be estimated by mathematical fitting of transient absorbance spectra. The M photointermediate states of PR and bacteriorhodopsin are commonly observed to decay biexponentially, with the two time scales arising from separate M intermediates, M 1 and M 2 , that exhibit similar absorbances, but are thought to have distinct conformations with different proton accessibilities at the cytoplasmic interfaces of cell membranes. 83,84 Biexponential fits to the 410 nm absorbances shown in Figure 6B 
Article like micellar solutions (and also in extracted E. coli membranes, Supporting Information, Figure S15 ). Furthermore, as prior studies showed that the M intermediate decay rate is significantly different for monomeric and oligomeric PR species, with a 5× faster decay for PR monomers, the similar absorbance behaviors strongly suggest that predominantly monomeric PR species are incorporated in the mesostructured silica films. 10 The close correlation of the photocycle kinetics of PR in mesostructured silica films and in native-like micellar solutions thus indicates that PR guest molecules in mesostructured films are functionally active and perform comparably to PR in near-native environments.
EPR line shape analyses can provide additional and complementary information regarding the nature of the conformational changes far from the retinal chromophore that proteorhodopsin undergoes in mesostructured silica hosts upon light activation. To mediate the light-activated H +transport mechanism, PR molecules have been suggested to undergo a number of large-scale conformational changes that involve movements and torsions of secondary structural elements, 81 including the α-helical E−F loop that exhibits characteristic rigid-body movements associated with the M intermediate state decay. 60 Insights into these E−F loop motions can be obtained by monitoring the EPR line shapes of spin-labeled A174R1 residues of the E−F loop, which change significantly after photoactivation, due to the distinctively hindered dynamics of this residue caused by interactions with nearby residues at the cytoplasmic interface. 60 For example, the EPR spectrum of PR-A174R1 in a hydrated DDM+diC 7 PC +PFO-directed mesostructured silica film under constant illumination by green light (Figure 7A , green traces) exhibits increased intensity associated with the relatively immobile "i" component and decreased intensity from the more mobile "m" component, compared to spectra acquired without light activation ( Figure 7A , black traces, also shown in Figure 5C ). Similar light-activated EPR signal responses are observed for PR-A174R1 in native-like DDM+diC 7 PC micellar solutions and in P123-directed mesostructured silica films (Supporting Information, Figure S16 ). These results indicate that the A174R1 residues, as part of the E−F loop of PR guests in mesostructured silica, are on average more confined during light activation, consistent with the twisting and partial immobilization of the α-helical E−F loop of proteorhodopsin in response to light, as reported in previous studies of PR molecules incorporated in lipid bilayers. 60 Kinetic information about the E−F loop movements of proteorhodopsin can be obtained by transiently monitoring the EPR amplitudes of the relatively immobile "i" spectral component during and after light activation. As shown in Figure 7B (black trace), for PR-A174R1-E108Q in a DDM+diC 7 PC-directed mesostructured silica film, the amplitude of the immobile EPR component increases during illumination by the green laser and subsequently decays after the laser is turned off. Similar transient EPR changes are observed for PR-A174R1-E108Q in an alkaline-buffered DDM+diC 7 PC micellar solution ( Figure  7B , gray trace). However, the decay of the immobile EPR component of PR-A174R1 after the laser pulse is faster for PR in the DDM+diC 7 PC+PFO-directed mesostructured silica, reflecting faster E−F loop motions than in micellar solution.
The faster E−F loop movements of PR molecules in the synthetic silica host may originate from confinement or interactions of PR molecules in the mesochannel environments that make the nonactivated PR state energetically more favorable than those of the photocycle intermediates. Such effects on the spin-labels of residue A174 of light-activated PR in the mesostructured silica hosts are consistent with those of nonilluminated PR guests discussed above ( Figure 5 ). Given the native-like transient absorbances of PR in hydrated DDM +diC 7 PC+PFO-directed mesostructured silica ( Figure 6B ), these data suggest that the large-scale E−F loop motions of light-activated PR guests are more sensitive to confinement in the mesochannel environment than changes that occur near the retinal chromophore. Interestingly, the transient changes in EPR spectra of PR-A174R1 in P123-directed mesostructured silica are nearly identical to those in DDM+diC 7 PC micellar solution (Supporting Information, Figure S16 ), demonstrating that the kinetics of the light-activated E−F loop conformational transformation are not faster for PR incorporated into the larger P123-directed silica mesochannel environments. The detailed time-resolved EPR spectroscopy results show that sitespecifically labeled PR molecules in synthetic mesostructured silica host materials undergo large-scale native-like conformational changes associated with the light-induced H + -transport properties of PR, the kinetics of which may be enhanced by confinement.
Incorporation of Cytochrome c in Mesostructured Silica Hosts. The synthetic protocol presented here can be adapted to incorporate other functionally active membrane proteins within synthetic mesostructured silica hosts. To demonstrate this, we adjusted the synthesis protocol to incorporate the more hydrophilic protein cytochrome c, an 
Article iron-containing biomacromolecule (∼12 kDa) associated with the mitochondria in cells. In contrast to proteorhodopsin, which is a transmembrane protein that spans the lipid bilayer, cytochrome c is a peripheral membrane protein that is watersoluble and, thus, is not found within lipid bilayers but rather associates with integral membrane proteins at lipid bilayer surfaces. 85 Cytochrome c molecules were incorporated into surfactant-directed mesostructured silica host materials by using the cationic surfactant tetradecyltrimethylammonium chloride (TTACl). The SAXS pattern in Figure 8A of a TTACl-directed mesostructured silica film without cytochrome c shows two reflections at 2.3°(0.15°fwhm) and 3.9°that are indexable to the (100) and (110) reflections, respectively, of a well-ordered hexagonal mesostructured material with a lattice parameter of 4.6 nm. By comparison, the SAXS pattern for an otherwise identical TTACl-directed silica film containing 8 wt % cytochrome c exhibits a single broad reflection at 2.1°(0.5°f whm) that corresponds to a d-spacing of 4.2 nm, a 0.3 nm increase with respect to the (100) d-spacing (3.9 nm) of materials without cytochrome c. As cytochrome c molecules are approximately spherical in shape with a diameter of 3 nm, the observed 0.3 nm increase in the characteristic ordering length scale is consistent with the expansion of the mesostructured silica framework upon incorporation of cytochrome c guests. In addition, the (100) reflection is substantially broader for the mesostructured silica containing 8 wt % cytochrome c, reflecting less mesostructural order, compared to the material without protein. The amphiphilic globular cytochrome c molecules likely reside near the mesochannel surfaces of the relatively hydrophilic silica framework and trimethylammonium moieties of the TTACl-directed mesostructured host, as depicted schematically in the inset of Figure 8A . These results are similar to those for proteorhodopsin guest species in DDM +diC 7 PC-directed mesostructured silica, in which increased extents of membrane protein incorporation are associated with larger d-spacings and reduced mesostructural order. Interestingly, the TTACl-directed mesostructured silica with 8 wt % cytochrome c shows an additional broad reflection at 0.85°, which corresponds to a d-spacing of 10.3 nm that is significantly larger than the 4.2 nm d-spacing of the assigned (100) reflection. This low-angle reflection may originate from the incorporation of cytochrome c oligomers, which have been reported to readily form in the presence of ethanol, 86 which is produced by hydrolysis of TEOS precursor species during coassembly of TTACl-directed mesostructured silica.
The activities of cytochrome c guests in the mesostructured silica hosts were assessed by using optical absorbance spectroscopy, which is sensitive to the oxidation states of the iron centers of cytochrome c molecules. Cytochrome c oxidase species are capable of undergoing oxidation or reduction as part of the electron transport processes in mitochondria. 87 The oxidized and reduced states of cytochrome c in aqueous solutions notably manifest distinct optical absorbance signatures, with the reduced state exhibiting absorption maxima at ca. 520 and 550 nm and the oxidized state at ca. 532 nm. 88, 89 Accordingly, the optical absorbance spectrum in Figure 8B of a TTACl-directed silica film exposed to a buffered solution at neutral pH ( Figure 8B, dotted red) shows a broad absorbance maximum at ca. 540 nm, characteristic of the oxidized state of cytochrome c. By comparison, after soaking the film in the same buffer but containing 30 mM ammonium iron(II) sulfate (aq), the broad absorbance near 540 nm disappears and new narrower absorbances are observed at ca. 520 and 550 nm ( Figure 8B, blue) , characteristic of the reduced state of cytochrome c. These results demonstrate that cytochrome c molecules in TTACl-directed mesostructured silica films are accessible to diffusing species within the host channels, adopt native-like oxidation and reduction states, and retain their functional activities.
■ CONCLUSIONS
The judicious selection of material compositions and processing conditions enabled high concentrations (15 wt %) of the light-activated membrane protein proteorhodopsin (PR) to be incorporated in functionally active forms in mesostructured surfactant−silica host materials. Mixtures of DDM surfactants with either diC 7 PC zwitterionic lipids, P123 triblock copolymers, or PFO were shown to serve jointly to both stabilize the hydrophobic PR molecules in aqueous solutions and direct their assembly and that of network-forming silica species into mesostructured silica composites. The solution processing conditions enabled PR-containing mesostructured silica materials to be prepared as transparent, colored, mechanically stable films or monoliths of up to 1 mm thickness and arbitrary lateral macroscopic dimensions. Proteorhodopsin 
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Article in DDM+diC 7 PC+PFO−silica mesostructured materials were shown to exhibit comparable optical absorbance properties as native-like PR but with significantly enhanced thermal stabilities compared to photoactive PR in native-like phospholipid bilayers of E. coli or P123-directed silica hosts. Small-angle Xray scattering and 2D HYSCORE EPR spectroscopy results showed that hydrophobic PR guest molecules were distributed within the hydrophobic surfactant mesochannels, as opposed to the hydrophilic silica framework. The dynamics of the functionally important E−F loop of the PR guests in DDM +diC 7 PC+PFO-directed silica materials depended on the extent of hydration and confinement within the mesochannel environments, with fully hydrated materials supporting E−F loop dynamics similar to those in native-like DDM+diC 7 PC micellar solutions. The transient photoresponses of PR guest molecules in the hydrated mesostructured silica host materials were demonstrated to be similar to those associated with lightactivated H + -ion transport by PR in near-native environments under alkaline conditions. These results thus establish that the PR guest molecules retain their native-like structures and lightactivated dynamics, which indicate that they retain their functional properties. This opens the intriguing possibility to generate macroscopic H + gradients, provided that macroscopic orientational order can be imposed on an ensemble of PR guest molecules in the films, which we are currently pursuing in our laboratory. Adaptation of synthesis compositions and conditions (e.g., structure-directing surfactant type) enabled high (8 wt %) concentrations of the relatively hydrophilic membrane protein cytochrome c oxidase to be incorporated into hexagonally ordered mesostructured silica materials, while maintaining native-like oxidation and reduction activities (for which macroscopic orientational ordering of the membrane protein guests is not essential). The generality of this synthetic approach is expected to open new opportunities for developing materials that exploit the high selectivities and diverse functions of membrane proteins for applications in separations, sensors, catalysis, regulated delivery, and ion transport, including by photoactivation.
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Protocols for expressing, purifying, and spin-labeling proteorhodopsin (PR) for incorporation into mesostructured silica films
The green-absorbing PR gene (BAC31A8), with the three natural cysteines mutated to serines, also with the additional photocycle-slowing E108Q mutation, was provided in a pTrcHis2 vector by E.F. DeLong and G. Whited, Genencor. The triple-cysteine mutant (TCM) is the most commonly studied PR variant, because it is less subject to oxidation than the true wild-type protein, and therefore has enhanced stability 1 and only minor functional differences. 2 The PR TCM is denoted here as "wild-type." Both wild-type PR and PR E108Q genes were subsequently cloned into the ampicillin-resistant pET22b vector (Novagen) using standard molecular biology techniques, which enable the addition of a 6X Histidine tag at the C-terminal end of the protein which facilitates protein purification via nickel chromatography. The cysteine point mutations (A174C and T177C) made for subsequent EPR investigations were introduced by modifying the PR E108Q template by site-directed-mutagenesis methods, such as those provided by the Quikchange kit (Stratagene, La Jolla, California).
PR was expressed by transformation of the PR-pET26b vector (or desired cysteine mutant) into E. coli strain BL21(DE3) competent cells. Individual bacterial colonies or glycerol stocks derived from transformants were used to inoculate a 10 mL culture of LB media containing 100 μg/mL ampicillin and allowed to grow overnight at 37˚C. Liter-scale batches were then grown from this starter culture, and overexpression of PR was induced by the addition of 1 mM isopropropyl-β-D-thiogalactopyranoside (IPTG) and 10 μM all-trans-retinal upon reaching a cell density with OD 600 ~ 0.8. The pink-colored PR-expressing cells were then harvested by centrifugation after 4 h of growth at 37 ˚C.
The remainder of the purification procedure was carried out in a cold environment (4 ˚C) in solutions that contained a phosphate buffer (50 mM potassium phosphate, 150 mM KCl, pH 8.2). The cells were first resuspended in phosphate buffered solution with 20 mM MgCl 2 and 0.2 mg/ml lysozyme, incubated with shaking for 1 h, and then lysed by sonication. After a low-speed centrifugation step to remove unbroken cells (2000 g), membranes containing PR were obtained by ultracentrifugation (220,000 g). Membrane proteins were then solubilized overnight in phosphate buffered solution containing 2 wt% of the dodecyl-β-D-maltoside (DDM) surfactant. The unsolubilized membrane portions were pelleted by high-speed centrifugation (15,000 g), and the amount of PR was quantified by UV-visible spectroscopy, as established in the literature. 3, 4 The PR was then incubated with an appropriate amount of Ni-NTA agarose His-tag affinity resin (Qiagen, MD) equilibrated with phosphate buffered solution containing 0.05 wt% DDM. After binding the PR, the resin was washed with at least 10 resin volumes of phosphate buffered solution with 0.05 wt% DDM and 25 mM imidazole.
The spin-labeling procedure of PR mutants A174C and T177C was carried out while PR was bound to the Ni-NTA resin and in greater than 15 mL of the phosphate buffered solution with 0.05 wt% DDM titrated to pH 7. A 5X molar excess of the nitroxide label (1-oxyl-2,2,5,5-S4 tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate (MTSL, Toronto Research Chemicals) was added from a 340 mM DMSO stock solution of MTSL and allowed to react overnight at 4 ˚C. After labeling, the sample was washed with 10 resin volumes of phosphate buffered solution with 0.05% DDM and 25 mM imidazole to remove unreacted MTSL.
For both spin-labeled and unlabeled PR, elution of the protein from the Ni-NTA resin was carried by removing as much buffered solution as possible from the resin and incubating with an elution buffer containing 450 mM imidazole and 0.1 wt% of the PR monomer-enriching 1,2diheptanoyl-s,n-glycero-3-phosphocholine (diC 7 PC, Avanti Polar Lipids) surfactant. Surfactantassociated MTSL and imidazole were removed by filtration with Sephadex gel desalting columns (GE Healthcare) equilibrated with 0.1 wt% diC 7 PC in the phosphate buffered solution. The PR solutions obtained were then concentrated to ~100 μL volumes using centrifugal concentrators (10,000 MWCO; Millipore). The sample volume was increased to ~2.2 mL with phosphate buffered solution containing 2 wt% diC 7 PC and then the sample was mix overnight to increase the population of monomeric PR. Size-exclusion fast protein chromatography (FPLC) carried out the next day as described in the main text, using the standard DDM buffer (0.05 wt% DDM) to elute the protein. S5 Figure S1 . Blue-Native PAGE gel of wild-type (WT, well 2), A174R1-E108Q (well 4), and T177R1-E108Q (well 6) proteorhodopsin monomers isolated by size exclusion chromatography and exchanged non-buffered hydrochloric acid solutions (pH~4) with 0.05% DDM. Oligomeric proteorhodopsin in alkaline-buffered solutions (pH 9) collected from the same size-exclusion chromatography experiments are shown in wells 3, 5 and 7. The monomeric WT PR sample (well 2) show one intense band below the 66 kDa marker (well 1) and another below the 146 kDa marker (well 1) that are assignable to monomeric and dimeric proteorhodopsin species. 5 A number of lower intensity bands are observed above the 146 kDa marker (well 1) that presumably arise from oligomeric assemblies with more than two proteorhodopsin molecules. The wild-type proteorhodopsin oligomer sample (well 3) has a band at ~242 kDa that originates from pentameric/hexameric proteorhodopsin, while the two additional bands at molecular weights lower than that of monomeric proteorhodopsin likely arise from DDM micelles, as shown in wells 8 and 9. The monomeric and oligomeric fractions of both the spin-labeled A174R1-E108Q and T177R1-E108Q proteorhodopsin samples showed distributions similar to those of the wild-type proteins. Aqueous solutions (pH~7) with 0.5% and 1.0% DDM are shown in wells 8 and 9, respectively. including at high acidities (pH <0.1), highly alkalinities (pH 11) or with 50% ethanol cosolvent, appeared yellow or transparent, indicative of denatured PR. As shown in (B), the anionic surfactant PFO promotes the formation of films with more homogeneous distributions of PR, though pH conditions higher than pH 4, such as at pH 5.5, are required to obtain films with functionally active PR. As the pI of PR is pH 5.8, PR is positively charged at pH 4 and therefore likely denatures in the presence of PFO as a result of strong attractive electrostatic interactions between PFO and PR, which are weaker at higher pH conditions. The macroscopic images in (C) reveal a lower propensity for macroscopic crack formation in silica films as SiO 2 content is decreased from 29 wt% to 14 wt%, which can be reduced by slowing the rate of drying. indicating reduced mesostructural order that diminishes further at higher PR loadings (not shown) and is accompanied by eventual loss of transparency of the films. Compared to conventional syntheses of P123-directed mesostructured silica, the somewhat lower extents of mesostructural ordering in these materials likely arises from the use of higher water contents, small quantities of DDM, and mild acidic conditions (pH ~4), which are necessary to stabilize PR molecules during co-assembly. S12 9. Figure 2B and 2C of the main manuscript. S13 10. Macroscopic images of cross-sections from mesostructured silica films with 5 wt% PR Figure S8 . Macroscopic optical images of cross-sections from DDM+diC 7 PC-directed mesostructured silica films synthesized with 5 wt% PR synthesized (A) without and (B) with 19 wt% PFO on glass substrates. The image in (A) was taken from (C) a film synthesized at pH 4 without PFO, which exhibits coffee-ring-like effects with the outer radial edge being thicker and darker than the center of the film. The image in (B) was taken from (D) a film with 19 wt% PFO, which yields a more homogeneous distribution of PR and thickness across the diameter of the film. S14 11. UV-visible absorption spectra of 20 wt% PFO mesostructured silica materials with and without PR Figure S9 . UV-visible absorption spectra acquired from DDM-diC 7 PC+PFO-directed mesostructured silica films with either 0 wt% (grey) or 5 wt% (black) PR. The spectrum of materials without PR (grey) exhibits nearly constant and negligible absorbance over the visible range between 500 and 700 nm over which PR guests absorb. As neither film contains molecules that absorb at 700 nm, the greater absorption at 700 nm of films with PR (black) versus those without (grey) PR probably arises from differences in film thickness, morphology and/or alignment with incident light, rather than increased light scattering. The small absorbance centered at ~360 nm of films without PR (grey) likely originates from PFO molecules. The films were cast on borosilicate glass for both UV-visible absorption spectra shown here. These results indicate that the baseline background contribution can be considered to be minor in the absorbance spectrum for the otherwise identical DDM+diC 7 PC+PFOdirected silica film containing 5 wt% PR. S15 12. Full 2D HYSCORE EPR spectrum of DDM-diC 7 PC-directed mesostructured silica films containing 5 wt% PR Figure S10 . Full (+,+) quadrant of the HYSCORE EPR spectrum of a DDM+diC 7 PC+PFOdirected silica film with 5 wt% proteorhodopsin labeled at the E-F loop residue 174 with the nitroxide spin label R1. The cumulative spectrum was obtained from two experiments recorded at 50 K with interpulse delays of 148 ns and 180 ns. Dashed anti-diagonals, which intersect the diagonal at 3.53 MHz, 13.19 MHz, and 14.02 MHz and correspond to the 13 C, 19 F, and 1 H Larmor frequencies at a magnetic field of 0.329 T, serve as guides to the eye. The lower cut-off value was decreased from 6% to 1.5% of the maximum signal intensity compared to the spectrum shown in Figure 4 of the main text. No appreciable signal intensity is observed in the (-,+) quadrant of the spectrum, which features signatures from strongly coupled nuclei with hyperfine couplings greater than their respective nuclear Larmor frequencies. Weak signal intensity at the 13 C Larmor frequency near the diagonal indicates weak coupling of the nitroxide spin to 13 C spins, which are present with a natural abundance of 1.1% in the protein and the surfactant. S16 As the only 19 F species in this material are associated with the PFO surfactant species, these signals establish the close proximities (<2 nm) of the PFO molecules to the structure-directing DDM and/or diC 7 PC surfactants, as depicted schematically in (B). All spectra were acquired at MAS conditions of 15 kHz at approximately -20 °C. S17 14. Continuous-wave EPR spectra of P123-directed mesostructured silica materials containing PR with nitroxide spin labels at residues A174R1 or PR-T177R1 Figure S12 . Continuous-wave EPR spectra of powders of P123-directed mesostructured silica films containing 0.5 wt% proteorhodopsin with nitroxide spin-labels at residues A174R1 or T177R1: (A) overlain spectra acquired from as-synthesized films, (B,C) spectra of films containing either (B) PR-T177R1 or (C) PR-A174R1 hydrated in alkaline-buffer (50 mM potassium phosphate, with 150 mM KCl, pH 9). The insets of (B) and (C) show the EPR spectra of the corresponding spin-labeled proteorhodopsin in alkaline-buffered DDM+diC 7 PC micellar solutions under the same pH and buffer conditions. The as-synthesized P123-directed mesostructured materials with PR-A174R1 and PR-T177R1 have linewidths of 0.63-0.68 mT that are broader than the 0.23-0.31 mT linewidths of identically-labeled PR (Figure S6 B ,C, insets) in alkaline-buffered DDM+diC 7 PC micellar solutions. After hydrating the P123-directed mesostructured silicas in alkaline-buffered solutions, the EPR linewidths decrease by factors of 1.8 and 3.0 for materials that incorporate PR-A174R1 and PR-T177R1, respectively. S18 conditions. Two absorbance maxima are observed, one at 280 nm and another at 520 nm that arise largely from aromatic groups of the protein backbone and the retinal chromophore, respectively. (B) Absorbance of alkaline buffered solution with 0.5 wt% DDM that was mixed with DDM+diC 7 PC-directed mesostructured silica materials that included 5 wt% wild-type PR at various amounts of times ranging from 0.5 h to 8 days from the initial exposure. No absorbance intensity is observed in the visible region near 520 nm or at 280 nm at any time, establishing that PR guests have not leached from the mesostructured silica materials. The positive absorbance at wavelengths below 300 nm may originate from scattering from in the sample or absorbance by the cuvette. Absorbance measurements in (B) were recorded on the supernatant solution obtained by centrifuging the material and solution mixture. The composition of mesostructured silica materials characterized in (B) was 28 wt% SiO 2 , 60 wt% DDM, 7 wt% diC 7 PC, and 5 wt% PR. Exposure of mesostructured silica materials with 16 wt% (or less) SiO 2 to aqueous solutions, however, resulted in partial leaching of PR guest species from the host materials. S19 16. Optical absorption difference spectra of 5 wt% PR (mutant E108Q) in an as-synthesized DDM+diC 7 PC-directed mesostructured silica film and in E. coli membranes Figure S14 . (A) Optical absorption difference spectra upon photo-activation of PR (slowedphotocycle E108Q mutant) spin-labeled with the nitroxide R1 at residue A174, incorporated at ~5 wt% in a DDM+diC 7 PC-directed mesostructured silica film. The free-standing film was measured as-synthesized, without hydration or alkaline buffering. The spectrum shown was taken 130 ms after the sample was photo-activated with a 500 ms (~5 mW) green laser pulse. (B) Transient decay of the absorption amplitude at 620 nm (possibly a photo-intermediate in the later part of the PR photocycle stabilized by the DDM+diC 7 PC-silica film), and intensity buildup at 520 nm (replenishment of the equilibrium PR state), are fit to biexponential curves. S20 Figure S15 . Time-resolved difference absorbance at 520 nm, following a green laser pulse, for PR in various environments: (1) in a DDM-diC 7 PC-silica film hydrated with phosphate buffer (50 mM potassium phosphate, 150 mM KCl), (2) in a DDM micelle solution (0.05 wt% DDM in the same phosphate buffer), both shown in main text Figure 5 , and (3) in extracted E. coli membranes resuspended in the phosphate buffer. All spectra were measured for mild alkaline conditions (pH 9) and fit to biexponential curves, which reveal that the PR E108Q photocycle displays similar characteristic time constants for the conditions tested. The increase in difference absorbance at 520 nm corresponds to the replenishment of the equilibrium PR state. S21 17. Continuous-wave EPR spectra of PR-A174R1 in DDM micellar solutions and P123directed mesostructured silica with and without photo-activation Figure S16 . Continuous-wave EPR spectra (green) acquired under steady illumination by a green (532 nm) laser of the nitroxide spin-label (R1) attached to residue A174R1 of proteorhodopsin in (A) an alkaline (pH 9) buffered micellar solution (50 mM potassium phosphate, 150 mM KCl) of 0.05 wt% DDM and (B) a free-standing P123-directed mesostructured silica film with 0.5 wt% PR hydrated under the same buffer conditions. The EPR spectra (black lines) were acquired under identical conditions for the same samples without photo-activation for comparison. (C) Transient EPR amplitudes at the frequency corresponding to the relatively immobile (i) component of the EPR spectra of PR-A174R1 in hydrated P123-directed mesostructured silica films (grey line) and in the alkaline-buffered (pH 9) DDM+diC 7 PC micellar solution (black line), directly following illumination of these samples with a green laser (~5 mW) pulse for 500 ms.
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